The degree of genetic aberrations characteristic of high-grade serous ovarian cancer (HGSC) makes identification of the molecular features that drive tumor progression difficult. Here, we perform genomewide RNAi screens and comprehensive expression analysis of cell-surface markers in a panel of HGSC cell lines to identify genes that are critical to their survival. We report that the tetraspanin CD151 contributes to survival of a subset of HGSC cell lines associated with a ZEB transcriptional program and supports the growth of HGSC tumors. Moreover, we show that high CD151 expression is prognostic of poor clinical outcome. This study reveals cell-surface vulnerabilities associated with HGSC, provides a framework for identifying therapeutic targets, and reports a role for CD151 in HGSC.
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Medrano et al. conduct whole-genome short hairpin RNA screens in 27 highgrade serous ovarian carcinoma (HGSC) cell lines to identify vulnerabilities in HGSC. Analysis of the cell surface reveals that CD151 is essential for cell survival through a ZEB-dependent mechanism.
INTRODUCTION
Epithelial ovarian cancer (EOC) is the fifth leading cause of cancer-related deaths in women in North America and is responsible for over 100,000 deaths per year worldwide (Ferlay et al., 2015) . High-grade serous carcinoma (HGSC) is the most common and lethal subtype, with the vast majority of women diagnosed at an advanced stage of disease (Bast et al., 2009 ). The current standard treatment is surgical debulking combined with adjuvant and/or neo-adjuvant platinum and taxane-based chemotherapy. While standard therapy induces an initial response, tumors ultimately recur, and 70% of patients die within 5 years of diagnosis (Bast et al., 2009) . Developing a deeper understanding of the molecular and cellular features that drive HGSC progression may, therefore, allow for the identification of better therapeutic targets and ultimately improve the prognosis of women with HGSC.
The development of targeted therapies for human cancers has been guided by the discovery of cancer-specific genetic aberrations including gene fusions, gain-of-function mutations, and gene amplifications that contribute to the pathogenesis of different tumor types (Weinstein, 2002) . While this strategy has led to the approval of several promising therapies, many tumor types exhibit a high degree of genetic abnormalities with no single discernable oncogenic driver. Moreover, many established oncogenic drivers remain undruggable, such as mutant RAS and MYC. HGSC features a damaged genome, characterized by widespread gene amplifications, deletions, and chromosomal fragmentation, with a paucity of dominantly acting oncogenes.
The single unifying genetic feature of HGSC is the near-ubiquitous mutation of TP53. Inactivating mutations in BRCA1 and BRCA2, observed in 17% and 3% of germline and somatic cases, respectively, are the next most common mutations (Cancer Genome Atlas Research Network, 2011) . Therapies targeting vascular endothelial growth factor (VEGF) (bevacizumab) and poly(ADP-ribose) polymerase (PARP) (olaparib) in HGSC have shown variable efficacy in a subset of patients (Burger et al., 2011; Ratner et al., 2012) . Therefore, there is a continued need to identify therapeutic targets for HGSC. Transcriptional profiling of HGSC tumors uncovered four transcriptional subtypes (differentiated, immunoreactive, mesenchymal, and proliferative) that may exhibit distinct molecular dependencies and could potentially respond to subtype-directed therapies (Cancer Genome Atlas Research Network, 2011) .
Genome-wide RNAi screens have revealed synthetic lethal associations between gene targets and genetic abnormalities in cancer cells that can be exploited to impair the survival of tumor cells (Barbie et al., 2009; Luo et al., 2008; Moffat et al., 2006) . Integration of functional genomic approaches with gene expression and copy number studies can reveal unanticipated gene dependencies associated with specific molecular features (Kim et al., 2013; Marcotte et al., 2012 Marcotte et al., , 2016 . Genes encoding cellsurface proteins that support tumor growth are attractive targets, because they are highly amenable to therapeutic antibodies. Moreover, antibody-directed therapies can be used to deliver toxic payloads in the form of antibody-drug conjugates (Gerber et al., 2013) . We performed a comprehensive genomic analysis and functional characterization of a large collection of HGSC cell lines to map the surface molecular vulnerabilities associated with HGSC.
RESULTS

Functional Surfaceome of HGSC
To identify cell lines representative of the molecular features of HGSC, we assessed gene copy number aberration (CNA) and nonsynonymous somatic variants in a panel of 40 EOC cell lines: 32 HGSC, 6 clear cell, and 2 of unknown histotype (Table S1) . Twenty-two of 32 HGSC cell lines were derived from individual patients, and the remaining 10 were isogenic pairs of one of the 22 cell lines. We used a previously published scoring methodology to identify cell lines with common features of HGSC (Domcke et al., 2013) . The score rewards cell lines with mutant TP53 and strong correlation between the cell line CNA profile and the mean CNA profile of TCGA (The Cancer Genome Atlas) tumors, and it penalizes cell lines with a hypermutator phenotype (more than ten mutations per million bases) and with mutations in genes associated with non-HGSC subtypes (PIK3CA, PTEN, ERBB2, KRAS, BRAF, CTNNB1, and ARID1A). Thirty-two of our cell lines contained TP53 mutations, 17 of which did not contain mutations in genes associated with other EOC subtypes ( Figure S1A ; Table S1 ). Thirteen lines in our panel were previously evaluated, and comparison of published and independently calculated suitability scores revealed a strong correlation (Figure S1B) . Together, these data indicate that HGSC cell lines are representative of the major genetic events associated with HGSC biology and reinforce their utility as in vitro surrogate models of HGSC.
To identify genes that support the survival of HGSC cell lines, we performed genome-wide functional genetic screens on 27 HGSC cell lines ( Figure 1A) . We stably transduced cell lines with a library of 78,432 hairpins targeting 16,052 genes in a pooled format and monitored for genes that, when depleted, impaired the relative fitness of each cell line (Moffat et al., 2006) . Cell lines were screened in triplicate, and overall short hairpin (sh) RNA (shRNA) abundance was assessed during population outgrowth for multiple time points. shRNA Activity Ranking Profile (shARP) scores were assigned to hairpins by calculating the average slope between the microarray intensity of shRNA probes at each time point and time 0. To evaluate the behavior of specific genes, the normalized Gene Activity Ranking Profile (zGARP) score was calculated as the average of the two lowest shARP scores (Marcotte et al., 2012) . We identified 5,860 candidate genes with significant zGARP scores ( Figure 1B) , and genes that scored in greater than 50% of cell lines (278 genes) populated components of the spliceosome, ribosome, proteasome, DNA replication, protein metabolism/transport, and mRNA processing.
Genes encoding integral membrane proteins and cell-surface receptors were prioritized as potential therapeutic targets. We summarized median gene expression across 27 HGSC cell lines and compared it to the average expression in 404 HGSC tumors from the TCGA dataset. The expression data were aligned with the frequency of essentiality and categorized in gene clusters, including a kinase cluster of 57 receptor tyrosine kinases and 13 serine/threonine kinases ( Figure 1C ), a cell-adhesion cluster of 31 tetraspanins and 25 integrins ( Figure 1D ), and 86 G-protein-coupled receptors (GPCRs) ( Figure 1E ). All other surface protein-encoding genes are represented in Figure S1C . We used a CRISPR (clustered regularly interspaced short palindromic repeat)-screen dataset from ten cell lines of various tissue types to identify HGSC-specific essential genes (Hart et al., 2015) . Inspection of genes with a high frequency of essentiality, as well as high expression in HGSC cell lines and tumors, confirmed known proto-oncogenic targets in ovarian cancer, including ERBB3, EPHB4, and BMPR1A, which contribute to cell survival and chemotherapeutic resistance (Hover et al., 2015; Kumar et al., 2007; Sheng et al., 2010) . Our integrated (C-E) Expression and essentiality of (C) receptor tyrosine kinases (RTKs) and serine/threonine kinases (STKs), (D) tetraspanins and integrins, and (E) G-proteincoupled receptors (GPCRs) in HGSC cell lines and TCGA tumors. Non-HGSC cell lines from a CRISPR-screen dataset (Hart et al., 2015) are shown on the right, and genes identified as essential are indicated in red. FPKM, fragments of kilobase of exon per million fragments mapped. See also Figure S1 and Table S1 . functional genomic approach revealed potential cell-surface targets, including kinases PTK7 and TYRO3; tetraspanins CD151, TSPAN14, TSPAN15, and TSPAN17; and GPCRs LGR6, S1PR2, BAI2, GPR110, GPR56, and FZD4. Cell-Surface Characterization of HGSC To characterize the expression of surface targets, we examined protein expression in 26 HGSC cell lines and 3 cell lines derived from normal fallopian tube epithelium (FTE), the most common cellular origin of HGSC. Cell lines were profiled by high-throughput flow cytometry using 371 fluorochrome-conjugated cell-surface antibodies (Figures 2A and S2A ; Data File S1), targeting cell-adhesion molecules, immune receptors, cytokine receptors, differentiation markers, and receptor protein kinases (Gedye et al., 2014) . Independent screens using TOV-1369TR and OV-1369(2) cells demonstrated strong correlations of 0.85 and 0.90, respectively (Figures S2B and S2C) , indicating that the platform can reproducibly identify similar proportions of antigen-positive cells.
Across the cell-line panel, 214 of 371 (58%) antibodies stained negative or marked a subpopulation of cells (<50% positive cell populations) ( Figure S2D ). Of the remaining 157 markers, 83 were present in less than 30% of cell lines. Only 13 markers were detected on the surface across all cell lines ( Figure S2D ). Analysis of cell-surface marker profiles of HGSC and FTE cells revealed 30 antigens overexpressed in FTE cells and, notably, several tumor necrosis factor family ligands and receptors (Figure 2B) . Targets with relatively low expression in HGSC cells included CD82, DPP4, and THY1, which are downregulated or associated with tumor suppression in ovarian cancer (Abeysinghe et al., 2003; Kajiyama et al., 2003; Liu et al., 2000) . Only CDCP1 and FZD4 were identified at higher levels in HGSC cells relative to FTE cells.
Intersection of the RNAi and antibody-screen datasets identified previously known and unknown candidate targets in HGSC ( Figure 2C ). We prioritized targets that were present in a greaterthan-50%-positive population in each cell line and were discovered as a hit by RNAi in more than 10% of cell lines. Inspection of hairpin dropout profiles revealed 11 candidates with consistent hairpin activities that were selected for further validation (Figure 2D) . We tested the top two scoring hairpins against each target from the original RNAi screen and noted pronounced toxicity in cell lines expressing hairpins targeting the tetraspanin CD151 ( Figure 2D ). High expression of CD151 has been previously associated with poor prognosis in several human cancers (Haeuw et al., 2011) . Moreover, interrogation of CD151 dependency in ovarian, breast, and pancreatic cancer cell lines from our published dataset (Marcotte et al., 2012 (Marcotte et al., , 2016 identified CD151 as a potential functional target in other epithelial cancers ( Figure 2E ). Based on the high expression of CD151 in HGSC cell lines and TCGA tumors, the frequency of essentiality of CD151 in the shRNA dropout screens, and its high cell-surface expression within HGSC cell lines, we decided to investigate the role of CD151 in HGSC in more detail.
CD151 Is Required for Survival and Mesothelial Cell Clearance in a Subset of HGSC Cell Lines
To thoroughly examine CD151 dependency, we stably depleted CD151 with two hairpins in 15 HGSC cell lines and observed a 50%-90% decrease in viability in 6 of 15 cell lines, suggesting that CD151 is important for viability in a subset of cell lines (Figure S3A) . To verify that the decrease in cell viability was not an artifact of shRNA-mediated knockdown, we transiently transfected cell lines with a pool of siRNAs targeting CD151 and found a significant correlation in survival profiles with shRNA depletion ( Figures S3B and S3C) . In a more extensive interrogation, depletion of CD151 using four distinct hairpins significantly impaired proliferation of TOV-1946 and OVCAR8 cells, while PEA1 and OVCAR433 cells showed minimal differences in proliferation relative to shGFP-expressing cells ( Figure 3A ). Depletion of CD151 has been reported to increase proliferation of ovarian cancer cell lines OVCAR5 and OVCAR420 (Baldwin et al., 2014) ; however, we observed that these cells did not demonstrate an increase in their proliferative capacity after CD151 knockdown (Figures S3D and S3E) . Ablation of CD151 induced cell death in TOV-1946 and OVCAR8 cells ( Figure 3B ) and impaired colony formation in OVCAR8 cells ( Figure S3F ). To confirm the causal role of CD151 in HGSC cell survival, we overexpressed shRNA-resistant CD151 cDNA in OVCAR8 cells and rescued the death phenotype ( Figures S3G-S3I ). Interestingly, following long-term growth of CD151-depleted cells, we observed that CD151 was re-expressed in one of eight and in three of seven long-term growth populations of OVCAR8 and TOV-1946 cells, respectively, indicating a selective pressure for maintaining CD151 expression (Figures S3J and S3K) .
CD151 interacts with laminin-binding integrins and can promote activation of downstream integrin effectors, including focal adhesion kinase (FAK) and SRC (Hemler, 2005) . Depletion of CD151 decreased activation of FAK and SRC in CD151-dependent OVCAR8 cells compared with control hairpin-expressing cells ( Figure 3C ). Collectively, these data suggest that a subset of HGSC cell lines is exquisitely sensitive to CD151 knockdown.
We next examined the requirement for CD151 in three-dimensional cell growth. Stable depletion of CD151 impaired spheroid formation compared to cells expressing shGFP (Figures 3D and 3E) . Comparison of ethidium bromide (EtBr) uptake in cellular clusters depleted of CD151 compared with shGFP-expressing clusters demonstrated increased uptake in OVCAR8 clusters 24-48 hr following stable knockdown of CD151 ( Figure 3F ). In contrast, no change in EtBr uptake was observed in PEA1 clusters depleted of CD151 relative to shGFP-expressing cells ( Figure 3F ). Dissemination of HGSC involves the implantation of spheroids into the mesothelial layer lining peritoneal organs (Burleson et al., 2004) . We examined the interaction between OVCAR8 and PEA1 spheroids and mesothelial cells using live in vitro imaging (Iwanicki et al., 2011) and found that depletion of CD151 significantly impaired invasion of the mesothelial layer by OVCAR8 cells, whereas PEA1 cells demonstrated no change in mesothelial clearance ( Figure 3G ; Movies S1 and S2). These data indicate that CD151 is differentially required for anchorage-independent viability of HGSC cells and for implantation into a mesothelial layer in vitro.
CD151 Supports HGSC Xenograft Initiation and Maintenance
To determine the contribution of CD151 to tumor initiation in vivo, OVCAR8 and TOV-1946 cells stably expressing hairpins Figure S2 and Data File S1.
targeting CD151 or control shGFP were injected into the mammary fat pad of immunodeficient NOD/SCID/IL2Rg À/À (NSG) mice. CD151-depleted xenografts exhibited 62%-90% and 74%-89% attenuation in tumor growth relative to shGFP-expressing cells in OVCAR8 and TOV-1946 cells, respectively (Figures 4A , 4B, S4A, and S4B). To ascertain the role of CD151 in the maintenance of tumor growth, doxycycline (dox)-inducible shRNAs were stably introduced into OVCAR8 cells. Treatment of OVCAR8 cells in vitro with 1 mg/mL dox resulted in the depletion of CD151 by 24 hr, accompanied by a severe impairment of cell proliferation ( Figures S4C and S4D ). OVCAR8 cells expressing dox-inducible shRNA were implanted into the mammary fat pad, and mice were treated with 5% sucrose (vehicle control), 5% sucrose and dox from onset (Dox D0), or 5% sucrose and dox at 21 days post-implantation (Dox D21) (Figure S4E) . Consistent with our stable knockdown studies, mice in the Dox D0 group demonstrated a 70% reduction in the growth of tumors expressing hairpin targeting CD151 relative to shGFP-expressing tumors and the vehicle control group (Figures 4C, 4D, and S4F) . Tumors in the Dox D21 group were 82% smaller than tumors in the vehicle control group and 74% smaller than shGFP-expressing tumors ( Figures 4E and S4F ). Importantly, these data were recapitulated in an intraperitoneal xenograft model of ovarian cancer to emulate the clinical behavior of this disease (Figures 4F, 4G, . Together, these data show that CD151 is required for tumor initiation and maintenance in HGSC xenograft models.
CD151 Dependency Is Coupled to a ZEB1 and ZEB2 Transcription Factor Network
We next sought to investigate the molecular features that distinguish CD151-dependent and CD151-independent cell lines. We hypothesized that differences in CD151 expression could account for differential CD151 dependency. CD151 RNA and protein expression varied by 8-and 10-fold, respectively, and were significantly correlated across HGSC cell lines ( Figure S5A ). However, we found poor correlation of expression of CD151 with sensitivity to CD151 depletion ( Figure S5B ). Analysis of CD151 localization did not reveal differences between CD151-dependent and CD151-independent cells (data not shown).
Integrins a 6 b 1 , a 3 b 1 , and a 6 b 4 interact with CD151 and can have pro-tumor functions (Desgrosellier and Cheresh, 2010) . We examined whether these integrins were differentially expressed in CD151-dependent versus -independent cell lines and observed that integrin surface expression levels did not correspond with CD151 dependency ( Figure S5C ). CD151 can exist on the cell surface in integrin-associated and integrin-free forms, which can be distinguished by monoclonal antibodies (mAbs) that recognize total cell-surface CD151 (11G5a) and integrin-free CD151 (mAb 1A5) (Palmer et al., 2014) . Analysis of CD151 expression in 13 HGSC cell lines using mAbs 11G5a and 1A5 uncovered a positive correlation between the proportion of integrin-free CD151 and CD151 dependency ( Figure S5D) . Further, by co-precipitation experiments, we found that CD151:b 1 and CD151:b 4 complexes were enriched in CD151-independent cell lines ( Figures S5E  and S5F ). These data suggest that CD151 dependency can be attributed to a non-integrin-mediated mechanism.
To identify genes associated with CD151 dependency, we examined gene expression by RNA sequencing (RNA-seq) and found 789 transcripts differentially expressed between CD151-dependent versus -independent cell lines ( Figure 5A ; Data File S2). We noted that several genes associated with epithelialto-mesenchymal transition (EMT) (ZEB1, ZEB2, CXCR2, and DNAJC6) were enriched in CD151-dependent cells, whereas epithelial-specific genes (CDH1, CLDN4, EPCAM, FOXA2, and OVOL1) were enriched in CD151-independent cells (Brabletz and Brabletz, 2010; Kohn et al., 2014; Song et al., 2010; Yang et al., 2014; Zhou et al., 2015) ; differential protein expression was verified for several transcripts ( Figure 5B ). Gene set enrichment analysis (GSEA) of transcript profiles revealed genes upregulated in mammary stem cells, invasive breast cancer, and targets of transforming growth factor beta 1 (TGF-b1) as significantly associated with CD151 dependency ( Figure S5G ; Table  S2 ). Genes expressed at higher levels in CD151-independent cells were enriched for epithelial-specific genes repressed by ZEB1, downregulated during TGF-b1-induced EMT, and associated with sensitivity to gefitinib (Figures 5C and S5H ; Table S2 ).
ZEB1 (TCF8/dEF1) and ZEB2 (SIP1), which are transcription factors that promote EMT by repressing various epithelial genes, were upregulated in CD151-dependent cells, whereas high expression of other known master regulators of EMT (SNAI1, SNAI2, and TWIST1) was not observed. A critical role for ZEB1 and ZEB2 was further supported by the increased expression of genes downstream of TGF-b and RB1, regulators of ZEB1 and ZEB2, in CD151-dependent cells (Table S2) , and an enrichment of ZEB1 targets in CD151-independent cells (Aigner et al., 2007; Arima et al., 2012; Zavadil and Bö ttinger, 2005) (Figure S5H ; Table S2 ). (F) Ethidium bromide (EtBr) pixel intensity within the cluster area quantified over time in OVCAR8 and PEA1 cellular clusters cultured under detached conditions. CD151 protein levels were assessed by immunoblot, and actin serves as a protein loading control. For OVCAR8 cellular clusters, values represent the mean of shGFP (n = 9)-, shCD151-1 (n = 8)-, and shCD151-2 (n = 9)-expressing cells. For PEA1 cellular clusters, five clusters were analyzed per condition. Data are representative of two independent experiments. Error bars indicate mean ± SEM. **p < 0.01; ***p < 0.001; ****p < 0.0001. (G) Quantification of mesothelial cell clearance by OVCAR8 and PEA1 cell clusters expressing control shGFP or shCD151. Data are representative of two independent experiments; n = 10 per condition; boxplot whiskers extend to maximum and minimum values. ***p < 0.001; ****p < 0.0001. See also Figure S3 and Movies S1 and S2.
To identify chemical perturbations that track with CD151 dependency, we treated HGSC cell lines with a library of 400 small molecule kinase inhibitors and identified 25 compounds with toxicity profiles that discriminated between dependent and independent lines ( Figure 5D ). Notably, 11 of 25 compounds annotated as epidermal growth factor receptor (EGFR) inhibitors displayed increased toxicity in CD151-independent cells. Consistent with our findings in HGSC cell lines, non-small-cell lung cancer (NSCLC) cells that express low levels of ZEB1 and ZEB2 are sensitive to EGFR inhibition (Byers et al., 2013; Shien et al., 2013) . Conversely, NSCLC cells that manifest a mesenchymal phenotype through increased expression of ZEB1 and ZEB2 are resistant to EGFR inhibitors (Byers et al., 2013; Shien et al., 2013) . Dose response in CD151-dependent and CD151-independent cells demonstrated a 70-fold increase and a 270-fold increase in GI 50 (50% of maximal inhibition of cell proliferation) values for erlotinib and gefitinib activity, respectively ( Figures  5E and 5F ). Taken together, these data suggest that CD151 dependency is linked to a ZEB1/ZEB2 network and corresponds with EGFR inhibitor resistance.
ZEB1 and ZEB2 Mediate Sensitivity to CD151 Suppression
Given that both ZEB1 and ZEB2 were highly elevated in CD151-dependent cells, we examined whether depletion of these genes was sufficient to revert the CD151-dependent phenotype. We stably infected CD151-dependent OVCAR8 and TOV-1946 cells with hairpins targeting ZEB1 or ZEB2 and observed no difference in proliferation compared with shGFP-expressing cells (Figures 6A, 6B and S6A-S6C). Depletion of CD151 alone resulted in impaired proliferation, which was restored when ZEB1 or ZEB2 were codepleted ( Figures 6A, 6B , and S6A-S6C). Consistent with these data, depletion of CD151 and ZEB2 prevented cell death, as determined by annexin V and propidium iodide (PI) staining (Figures 6C, S6D , and S6E). Moreover, depletion of ZEB1 or ZEB2 in CD151 knockdown cells restored FAK and SRC phosphorylation, compared to that in shGFP-expressing cells ( Figure 6D ). Together, these data show that ZEB1 and ZEB2 mediate CD151-dependent signaling and survival in HGSC cell lines.
The CD151-Dependent Phenotype Resembles the Mesenchymal Subtype of HGSC, and High CD151 Expression Is Associated with Poor Prognosis HGSC can be subdivided into differentiated, mesenchymal, proliferative, and immunoreactive transcriptional subtypes (Cancer Genome Atlas Research Network, 2011) , and patients in the mesenchymal subgroup have the worst outcome (Verhaak et al., 2013) . We compared the gene set used to describe the TCGA subtypes to the CD151 dependency signature and found 15, 15, 5, and 21 common genes in the mesenchymal, proliferative, immunoreactive, and differentiated subtypes, respectively ( Figure 7A ). The expression profile of the mesenchymal, proliferative, immunoreactive, and differentiated subtypes matched that of CD151 dependence for 14 of 15 (93%), 8 of 15 (53%), 1 of 5 (20%), and 0 of 21 (0%) genes, respectively, suggesting that CD151-dependent cells most resemble the mesenchymal subtype. When the CD151 dependency signature was compared with the mesenchymal/de-differentiated HGSC signature from an independent dataset (Tothill et al., 2008) , 7 of 11 and 30 of 45 genes were mutually upregulated and downregulated, respectively (Table S3) .
Using immunofluorescence staining, we next evaluated CD151 expression and protein localization in serous tubal intraepithelial carcinoma (STIC) precursor lesions (defined by p53-positive staining and morphology), compared with regions of normal FTE. In normal polarized FTE, CD151 was constrained to the basolateral membrane, whereas in the STIC lesions, CD151 was detected uniformly on the cell membrane ( Figure 7B ). CD151 was overexpressed in one STIC lesion (case 1551_D15), compared with the adjacent normal epithelium ( Figure 7B ), and detected in detached HGSC cells proximal to the STIC (Figure S7A ). High expression of CD151 was also observed in both the STIC and its contiguous invasive carcinoma ( Figure S7B) . Similarly, CD151 exhibited non-polarized membrane localization in HGSC tissue ( Figure 7C ). These data show that CD151 distribution and expression levels are altered, both in STIC lesions and in advanced HGSC.
To determine whether CD151 expression was associated with patient outcome in HGSC tumors, we evaluated CD151 protein levels by immunofluorescence in 500 primary human HGSC tumors from the Canadian Ovarian Experimental Unified Resource (COEUR) cohort ( Figures 7D and S7C ). Segregation of patients by high-and low-CD151 mean fluorescence intensity revealed reduced overall survival (OS) in patients with high expression of CD151, with a median OS of 37 months versus 55 months, and significantly reduced disease-free survival (DFS), with a median DFS of 12 months versus 19 months ( Figure 7D ). In a cohort of 82 primary human tumors, we found a significant difference in OS and DFS between CD151 hi and CD151 lo tumors and between ZEB2 hi and ZEB2 lo tumors ( Figures S7C and S7D) , which was suggest that CD151 may promote and/or support progression of HGSC tumors and that high CD151 and ZEB2 expression in primary human disease is predictive of poor outcome.
DISCUSSION
Modulation of CD151 levels by RNAi or overexpression, or treatment with mAbs targeting CD151, has demonstrated a convincing role for CD151 in promoting cell adhesion, migration, and metastasis (Kohno et al., 2002; Palmer et al., 2014; Shigeta et al., 2003; Zijlstra et al., 2008) . Several studies have shown an emerging role for CD151 in cell proliferation under specific contexts. CD151 can modulate tumor growth downstream of hepatocyte growth factor (HGF) (Franco et al., 2010) ; depletion of CD151 can impair TGF-b-induced proliferation and metastasis (Sadej et al., 2010) ; breast cancer cells grown on laminin-5 acquire ECM (extracellular-matrix)-mediated resistance to anti-HER2 agents, such as trastuzumab and lapatinib; and depletion of CD151 can revert this resistant phenotype (Yang et al., 2010) . We report a previously unidentified role for CD151 in directly promoting the survival of cancer cells. Our observation that CD151 dependency varies across HGSC cell lines is indicative of the inherent complexity within this tumor type and the myriad possible biological functions of CD151 in human cancers. Our findings that CD151 dependency coincides with high expression of ZEB1 and ZEB2 and that each are necessary for mediating sensitivity to CD151 suppression emphasize the importance of CD151 in cells that exhibit mesenchymal features. CD151 cooperates with integrin a 6 to promote EMT in hepatocellular carcinoma cells (Ke et al., 2011) ; miR-506 can target VIM, SNAI2, and CD151 and regulate EMT in breast cancer and HGSC (Arora et al., 2013; Yang et al., 2013) ; and CD151 is a marker of chondrogenic differentiation in human mesenchymal stem cells ). CD151 has a multitude of known interacting partners, in particular, integrins a 3 b 1 , a 6 b 1 , a 6 b 4 , a 7 b 1 , EGFR, c-MET, PI4KII, and PKCa, which may contribute to the spatial organization of CD151. Integrin-free CD151 occurs at a higher proportion in CD151-dependent versus CD151-independent cell lines, suggesting that CD151 complexes can vary between different cell states. Whether the requirement for CD151 in cell survival is mediated by its function in distinct complexes remains to be elucidated.
Comparison of the CD151-dependency and HGSC-subtype gene signatures indicates that CD151-dependent cells share features of the mesenchymal subtype, which has the worst outcome (Verhaak et al., 2013) . Currently, there are no therapies in clinic targeting a specific subtype or reports of subtype-specific therapies. Targeting CD151 may represent an intervention opportunity in the mesenchymal subgroup of HGSC, and the CD151-dependency signature (namely, ZEB1 hi /ZEB2
hi /E-cadherin lo ) might serve as a biomarker to identify patients with responsive tumors. High CD151 expression was strongly associated with poor outcome to a similar degree as that of the TCGA prognostic gene signature (Verhaak et al., 2013) . CD151 expression may be a relevant marker for predicting outcome in HGSC comparable to current models, and therefore, head-to-head comparisons are needed. The observations that CD151 has both pro-survival and promigratory functions make it an attractive therapeutic target. Clinically, targeting CD151 directly could affect cell survival, and anti-CD151 mAbs, which have been reported to affect metastasis in vivo (Palmer et al., 2014; Zijlstra et al., 2008) , may have utility in preventing tumor cell dissemination and peritoneal spread, the major cause of lethality in HGSC. We found that CD151-independent cell lines were more susceptible to small molecules targeting EGFR, consistent with previous reports suggesting an inverse association between EGFR inhibitor response and an EMT phenotype (Byers et al., 2013; Shien et al., 2013) . Based on our observations, we would predict that screening HGSC tumors with low ZEB1/ZEB2 expression and high E-cadherin expression, as well as other features of CD151-independent cells, might enrich for patient populations most likely to respond to EGFR antagonists. Furthermore, targeting tumors with a combination of EGFR antagonists and CD151-directed therapies might achieve improved clinical response.
The role of CD151 in HGSC may extend beyond its pro-survival effects. CD151 is the major interaction partner of lamininbinding integrins, and the laminin subunit LAMC1 is exclusively overexpressed in STIC lesions, precursor lesions of HGSCs (Kuhn et al., 2012) . Laminin is required for promoting a cancer stem cell phenotype in other malignancies, such as glioblastoma multiforme (Pollard et al., 2009) . We propose that a laminin-CD151 axis may be important in the early development of HGSC and in the maintenance of a cancer stem-like population.
In summary, integration of functional genomics and interrogation of genes encoding cell-surface molecules in HGSC cells revealed dependency on CD151. Targeting CD151 has the potential to impair HGSC tumor growth and tumor cell dissemination, and future work will be aimed at developing CD151-directed therapeutics to address the utility of CD151 as a therapeutic Table S2 . NES, normalized enrichment score. (D) Small molecules with toxicity profiles significantly correlated with CD151 dependency. Compounds annotated to target epidermal growth factor receptor (EGFR) are shown in red. (E and F) Relative viability of CD151-dependent (red) and -independent (blue) cells exposed to (E) erlotinib and (F) gefitinib for 72 hr. Error bars indicate mean ± SEM; n = 3. GI 50 (50% of maximal inhibition of cell proliferation) values greater than the highest tested dose (30 mM) were reported as 30 mM. See also Figure S5 , Table S2 , and Data File S2. (legend continued on next page) target. Our findings highlight the importance of developing targeted approaches for treating HGSC and present a possible strategy for ultimately improving the prognosis of women with this devastating disease.
EXPERIMENTAL PROCEDURES
Detailed information is provided in the Supplemental Experimental Procedures.
Animal Studies
All animal studies were carried out using protocols that have been approved by the University Health Network Animal Care Committee. See the Supplemental Experimental Procedures.
Cell-Surface Marker Profiling
Cell-surface antibody screens were performed as previously described (Gedye et al., 2014) . See the Supplemental Experimental Procedures.
Kinase Inhibitor Screen
Cells were plated at a density of 0.3-1 3 10 4 cells per well in 96-well plates and were incubated overnight to allow cells to adhere. A library of 400 kinase inhibitors (provided by the Ontario Institute for Cancer Research) or DMSO was added by a Robot Pin Tool System to a final concentration of 2 mM for 72 hr. Viability was determined using alamarBlue (Invitrogen) according to the manufacturer's protocol, and fluorescence was quantified using a PHERAstar detection system. Values were median normalized across all compounds and visualized using R. Correlation of relative viability with CD151 dependency was performed using Pearson correlation. Inhibitors with relative viability values greater than 0.7 across all lines were not included in the correlation analysis.
EtBr Incorporation Assay
Cell lines were seeded in low-adhesion 96-well round bottom plates (Corning) at a density of 75-150 cells per well. Cells were spun at 900 rpm for 3 min to form cellular clusters. To follow EtBr incorporation in live clusters, 2 mM EtBr (Molecular Probes) was included in the media during cell seeding. Phasecontrast and fluorescent images of cellular clusters were acquired every 20-30 min, and the level of EtBr incorporation was quantified by measuring changes in the total number of pixels (red channel) present within cellular clusters over time. The quantification of EtBr incorporation was performed using Nikon NIS Elements AR software. See the Supplemental Experimental Procedures.
Mesothelial Clearance Assay
Mesothelial cells were plated on glass-bottomed dishes (Mat-TEK) coated with 5 mg/mL fibronectin (Sigma). Cells were maintained in culture until confluent (48 hr after plating). To generate cell clusters, OVCAR8 or PEA1 cells were dissociated by trypsinization, washed twice with PBS, resuspended in media, and plated in low-adhesion culture dishes (Corning). Cell clusters were collected for experiments 12-16 hr later. In co-culture experiments, cell clusters were added to a confluent mesothelial monolayer expressing GFP, allowed to attach for 30-60 min, and imaged for 8 hr using a Nikon Ti-E Inverted Motorized Widefield Fluorescence Microscope. Cellular clusters that remained attached during the experiment were used for quantification. Mesothelial clearance was quantified as previously described (Iwanicki et al., 2011) .
shRNA Screens Lentiviral hairpin dropout screens were performed as previously described (Marcotte et al., 2012) . See Supplemental Experimental Procedures.
Statistical Analyses
Values are expressed as means ± SEM. Experiments were performed three times, and two-sided t tests were performed to determine statistical significance between samples, unless otherwise indicated. Means with p < 0.05 were considered statistically significant.
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